Chemicals in the environment play a critical role in the etiology of many human diseases.
INTRODUCTION
The etiology of most chronic diseases involves interactions between environmental factors and genes that modulate important physiological processes (Olden and Wilson, 2000; Schwartz et al., 2004) . This assumption is supported by the many complex diseases caused by reversible behaviors or avoidable exposures and the relatively rare number of diseases attributed to single gene mutations (Schwartz et al., 2004) . For example, environmental factors are implicated in common conditions such as asthma, cancer, diabetes, hypertension, immune deficiency disorders, and Parkinson disease; however, the molecular mechanisms underlying these correlations are not well understood (Toscano and Oehlke, 2004) .
Diverse model organisms and their sequence data can provide key insights into the molecular mechanisms of action of environmental chemicals. Cross-species comparisons of toxicologically important genes present opportunities for associating sequence variation with functional differences (Hahn, 1998; Hahn, 2002; Powell and Hahn, 2000) . For example, lethal dose studies show that the hamster is acutely sensitive to toxicity induced by tetrachlorodibenzo-p-dioxin (TCDD), whereas the guinea pig is nearly resistant. It is well established that TCDD exerts its action by binding to the aryl hydrocarbon receptor (AHR), and AHR protein sequence comparisons between hamsters and guinea pigs identified an expanded glutamine-rich domain in the C-terminus that appears to correlate with reduced toxicity (Korkalainen et al., 2001 ). Some differences in TCDD toxicity in birds can be explained by differences in TCDD-AHR binding affinity (Hahn, 2002) . Invertebrates and ancient vertebrates exhibit poor AHR binding affinity for TCDD and are relatively insensitive to toxicity, whereas most vertebrate AHR proteins have high binding affinities that correlate with toxicity. Crossspecies functional and sequence-based studies like these are only beginning to be exploited and present important opportunities for understanding toxicity and differences in responses among individuals and organisms to chemical exposures.
Although studies of individual genes are valuable for understanding function in a toxicological context, it is well accepted that genes and their proteins do not function in isolation, but rather as components of larger networks (Vidal, 2005) 
METHODS AND RESULTS

Data Integration and Curation
Major types of data integrated in CTD include: 1) nucleotide and protein sequences; 2) published references; 3) curated genes and Gene Sets (sets of curated genes and proteins); 4) a hierarchical vocabulary of organisms; 4) a hierarchical vocabulary of chemicals; and 5) the Gene Ontology (hierarchical vocabulary of biological processes, cellular components, and molecular functions) ( Figure 1 ). Through integrated cross-references, CTD also centralizes access to additional molecular and toxicology data, including microarray data, and articles in the popular press about the effects of environmental chemicals on health.
Sequences. CTD currently contains 1.2 million nucleotide and protein sequences for vertebrates and invertebrates, which enable broad cross-species sequence comparisons.
Nucleotide sequences and annotations are acquired from GenBank (Benson et al., 2005) 
Curation
Gene Terms. Nomenclature inconsistencies for genes and other concepts present a major challenge to searching toxicogenomics data (Wakefield, 2003 These vocabularies facilitate data integration within CTD and allow visitors to make complex connections between diverse data using consistent terminology. Individually, terms from each of these vocabularies can be used to access reference, chemical, gene, and sequence data.
However, when terms from these vocabularies are used in combination, the complexity and specificity of toxicogenomic questions that can be answered with CTD is significantly increased used by other biological databases; however, their combined implementation in CTD is unique because it facilitates access to cross-species data directly relevant to toxicogenomics.
Genes and Gene Sets. Cross-species genes are defined in CTD by their constituent nucleotide and protein sequences from vertebrates and invertebrates. Curated genes direct visitors to 13 toxicologically relevant gene, protein, and cross-species sequence data (DNA, mRNA, protein) that facilitate comparative sequence analyses. Sequences for cross-species genes are curated using sequence analysis methods in combination with literature review. Briefly, human nucleotide and protein "reference sequences" are identified from the NCBI RefSeq and SwissProt, respectively. These "seed" sequences undergo reciprocal BLAST analysis to identify "best hit" sequences. In some cases, our curation process identifies genes that are highly similar but distinct in non-human species that are included in CTD (e.g., avian CYP1A5).
These genes are curated because they often share toxicologically similar functions and they augment CTD's unique comparative value. Whenever possible, genes are tagged with the human gene name according to the HUGO Gene Nomenclature Committee (HGNC;
http://www.gene.ucl.ac.uk/nomenclature/) to promote nomenclature consistency. Names that appear in the sequence source records are collected and made searchable as synonyms.
These synonyms are critical for allowing visitors to find gene data across species despite nomenclature differences. They are also used to increase the effectiveness of information retrieval in identifying relevant references from PubMed for inclusion in CTD. Determining definitive orthology of sequences remains a major challenge, particularly among sequences from large families or that have undergone significant evolutionary divergence. Curated genes in CTD are intended to cluster highly similar sequences and associated data to facilitate subsequent visitor analysis.
Gene Set is a novel feature of CTD that groups closely related curated genes according to relationships defined in the literature such as species-specific gene duplications (e.g., CYP1A4, Genes and proteins function together in complex networks rather than in isolation (Vidal, 2005 To ensure consistency of literature curation, we developed an "interaction" controlled vocabulary that characterizes common physical, regulatory, and biochemical interactions between chemicals and genes or proteins. This vocabulary comprises 70 terms including "actions" (e.g., "binds to", "imports"), "operators" that describe the degree of a chemical's effect shadowed rectangle, associated data (e.g., diseases associated with LPS); arrowed lines, activation; bullet lines, inhibition (e.g., LPS activates expression of 152 genes and inhibits activity of 4 proteins).
